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I *  LIGHTING GEOMETRY FOR THE APOLLO C '  

ALTERNATE 1 MISSION - REVISION 1 

. 
By Edward M .  J iongo 

SUMMARY 

Lighting condi t ions a t  t h e  primary phases of t h e  C '  mission are 
of paramount i n t e r e s t  t o  t h e  f l i g h t  crew as wel l  as t h e  recovery forces .  
These phases include e a r t h  o r b i t  i n s e r t i o n ,  t r ans luna r  i n j e c t i o n ,  lunar  
o r b i t  i n s e r t i o n ,  t r a n s e a r t h  in j ec t ion ,  and touchdown. 

This document shows l igh t ing  condi t ions ( o r  reasonable approximations) 
a t  t h e s e  c r i t i c a l  mission po in t s  f o r  a l l  poss ib le  launch da te s  i n  Decem- 
ber  1968 and January 1969. 

INTRODUCTION 

Figures  1 through 3 show l igh t ing  condi t ions a t  l i f t - o f f ,  lunar  
o r b i t  i n s e r t i o n  (LOI), t r ansea r th  i n j e c t i o n  (TEI), and touchdown f o r  
a l l  poss ib l e  launch da te s ;  f igure  4 def ines  d i p  angle ,  and f igu res  5 
through 9 show t h e  l i g h t i n g  geometry a t  e a r t h  o r b i t  i n s e r t i o n  ( E O I ) ,  
t r a n s l u n a r  i n j e c t i o n  ( T L I ) ,  L O I ,  T E I ,  and touchdown f o r  t h e  f i r s t  and 
last  poss ib le  launch da te s  i n  December 1968 and January 1969 and 
December 21 ,  1968. 

The a c t u a l  t i m e  a spacecraf t  spends i n  t h e  shadow of t h e  e a r t h  or  
moon depends pr imar i ly  on t h e  r e l a t i v e  out-of-plane angles  of t h e  sun, 
e a r t h ,  moon, and spacecraf t ;  it i s  a three-dimensional e f f e c t .  A s  a 
r e s u l t ,  t h e  spacecraf t  can cu t  t h e  shadow cone of t h e  e a r t h  o r  moon a t  
an i n f i n i t e  number of angles ,  or m i s s  it completely. Figures 5 through 
9 i n  t h i s  document a r e  two-dimensional. But s ince  t h e  e a r t h ,  moon, sun, 
and spacecraf t  do no t ,  i n  general ,  l i e  i n  t h e  exact same plane t h e s e  
f i g u r e s  must necessa r i ly  be pro jec t ions  or  approximations i n t o  a common 
p lane .  A t  t h e  moon t h e  lunar  equator ia l  plane w a s  chosen as t h e  common 
p lane  ( s i n c e  t h e  sun i s  always approximately a maximum of  t1.5' l a t i t u d e ) ,  
and t h e  spacecraf t  lunar  o r b i t  always s t ays  approximately wi th in  + 8 O  of 
t h i s  plane.  Therefore,  a t  t h e  moon, t h e  sun and spacecraf t  a r e  almost 
i n  t h e  lunar  equa to r i a l  plane.  A t  t h e  e a r t h ,  however, t h e  geometry 
i s  q u i t e  d i f f e r e n t .  Since t h e  inc l ina t ion  of t h e  spacecraf t  e a r t h  
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o r b i t  f o r  a l l  poss ib le  lzunch azimuths i s  approxinately 30' and 
during t h e  months of December 1968 and January 1969 t h e  sun i s  near 
i t s  maximum southern dec l ina t ion  of -23', t h e  out-of-plane angles 
are qu i t e  severe regard less  of t h e  plane chosen. 
remain cons is ten t  with t h e  lunar  diagrams, t h e  e q u a t a - i a l  plane 
of t h e  e a r t h  was chosen as t h e  common plane.  

I n  order  t o  

Summarizing, f igures  5 through 9 a re  meant cnly as o v e r a l l  v i s u a l  
representat ions of  t h e  l i g h t i n g  geometry e x i s t i n g  a t  primary po in t s  i n  
t h e  mission. T,iey a re  two-dinxnsional approxim: i m s  of a three-  
dimensional Elftbct. When a conf l i c t  seems t o  o c c a -  between f igures  1 
through 4 and 5 through 9 ,  f igures  1 through 4 t ake  precedence. 

DISCUSSION OF FIGURES 

Figures l ( a )  and l ( b )  show t h e  l i g h t i n g  condi t ions a t  l i f t - o f f  f o r  
hl poss ib l e  launch azimuths and launch dates  i n  December 1968 and 
January 1969, rcs l . ' c t ive ly .  
poss ib le  azimuths take  plri  e between one-half hour before  sun r i se  and 
one-half hour after sunset ?xcept on Deceinbcr 20 ,  26,  27, 1968,  and 
Januarv 23 and 24 ,  1963. 011 December 20 l i f t - o f f s  with launch azimuths 
of 72' through 80' occur p r i o r  t o  one-half hour before  sunr i se ;  on Dec- 
ember 26 l i f t - o f f s  with launch azimuths of 88' through 108' OCCUT a f t e r  
one-half hour a f t e r  sunse t ;  anii on Decenber 27 l i f t - o f f s  with launch 
azimuths of 78' through 108' cczur a f t x  one-half hour a f t e r  sunse t .  
January 23 l i f t - o f f s  with launch azilnuths of  96" through 106' occur a f t e r  
one-half hour e f t e r  sunse t ,  and an January 24 l i f t - o f f s  with launch 
azimuths of 83' through i O S 0  occur a f t e r  one-half hour a f t e r  sunse t .  

Figure 1 shows t h a t  a l l  l i f t - o f f s  f o r  a l l  

On 

Figures 2(a) and 2 ( b )  show the  l i g h t i n g  conditions a t  LO1 and TEI  
f o r  all possible  launch dates  i n  December 1968 and January 1969, re- 
spec t ive ly .  The f igures  show t h e  spacecraf t  o r b i t a l  f l i g h t  time from 
t h e  spacecraf t  morning ( o r  s - m r i s e )  te rmina tor  as a funct ion of  launch 
da te .  F l igh t  time w a s  computed on t h e  b a s i s  of 3 deg/min s ince  t h e  
per iod  of t h e  lunar parking o r b i t  is  approximately 120 minutes. 
Emphasis he re ,  however, i s  on t h e  word o r b i t a l .  
spacecraf t  w a s  i n  o r  near  t he  nominal c i r c u l a r  l u n a r  parking o r b i t  of  
60-11. m i .  a l t i t u d e  t h i s  time would be tLe spacec ra f t  f l i g h t  time from 
t h e  terminator .  A t  LO1 and TEI  i g n i t i o n  t h e  spacecraf t  a l t i t u d e ' i s  
approximately 60 n. m i .  
i n  a nominal o r  near-nominal lunar  parking o r b i t .  
approach hyperbola may o r  may not i n t e r s e c t  t h e  luna r  shadow cone. 
Figure 2 does not give 
i g n i t i o n .  

This  means t h a t  i f  t h e  

P r i o r  t o  LO1 however, t h e  spacecraf t  i s  not 
The spacecraf t  

o r  imply any l i g h t i n g  condi t ions p r i o r  t o  LO1 
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Figure 2 shows t h e  spacecraf t  terminator  as t h e  re ference  po in t  of  
o r b i t a l  f l i g h t  t ime. A negat ive t ime indica tes  t h e  spacecraf t  i s  i n  dark- 
ness ;  a p o s i t i v e  t ime ind ica t e s  it i s  i n  sun l igh t .  The luna r  sur face  , 

t e rmina tor  i s  shown approximately 7 minutes,  or 20° ,  from t h e  p ro jec t ion  
o f  t h e  spacecraf t  t e rmina tor  on the  luna r  sur face .  (This d i f f e rence  
between t h e  sur face  and spacecraf t  terminators  r e s u l t s  from t h e  f a c t  
t h a t  t h e  spacecraf t  i s  not on the  su r face  of t h e  moon.) 
spacecraf't  terminator  d i f f e r s  f rom t h e  sur face  te rmina tor  by t h e  d i p  angle 
as depicted i n  f igu re  4. 

Therefore ,  t h e  

Figures 3(a)  and 3(b)  are similar t o  f igures  l ( a )  and l ( b )  except 
they  depict  l i g h t i n g  condi t ions a t  touchdown, not  l i f t - o f f .  The 
f igu res  give launch da te  and t h e  corresponding da te  of  touchdown, and 
touchdown time i s  shown i n  G . m . t .  and time zone W t ime.  Time zone 
W t i m e  i s  t h e  l o c a l  clock reading a t  165' W longi tude .  
one-half hour o r  more p r i o r  t o  sunr i se  fo r  launches on December 20 and 
21,  and January 18, 19 , and 20. 
nea r  11 a.m.  consider ing both months. 

Touchdown occurs 

The la tes t  l o c a l  t i m e  of  landing i s  

It should be noted t h a t  t he  one-half hour before  and one-half hour 
after sunset  te rmina tor  l i n e s  i n  f igu re  1 are  l i n e a r ,  while those i n  
f igu re  3 a re  non-linear.  The difference i s  due t o  t h e  f a c t  t h a t  lift- 
o f f  a l w a y s  occurs at  t h e  same l a t i t u d e  while touchdown does not .  
During December t h e  touchdown l a t i t u d e  ranges from approximately +loo 
t o  -23 ' ;  during January from +2' t o  - 2 8 O .  
longi tude  of  touchdown i s  constant ,  t h e  l a t i t u d e  i s  n o t ,  and t h e  t i m e  
o f  sun r i se  or sunset  va r i e s  non-linearly with l a t i t u d e .  

Therefore ,  although t h e  

Figure 4 shows t h e  geometry of  what i s  known as the  d ip  angle.  
A0 i s  t h e  rad ius  vec tor  from t h e  c e n t r a l  body t o  t h e  spacecraf t .  AB 
i s  t h e  l i n e  of s i g h t  from t h e  spacecraf t  t o  t h e  horizon of  t h e  re ference  
body ( e a r t h  o r  moon), and i s  tangent t o  t h e  reference body a t  poin t  B. 
OB i s  t h e  l i n e  connecting t h e  center  of  t h e  re ference  body t o  t h i s  
p o i n t  o f  tangency and i s  equal  t o  t h e  rad ius .  
i s  perpendicular  t o  AB and angle AOB = angle BAC. 

dip angle = C O S - ~ ( O B / O A ) .  

From plane geometry OB 
Therefore ,  t h e  

If poin t  B represents  t h e  sunl ight  te rmina tor  on the  face o f  t h e  
re ference  body , t h e  spacecraf t  terminator  pro jec ted  on t h e  reference 
body i s  d isp lzced  from t h e  surface te rmina tor  by t h e  amount of t h e  d ip  
ang le ,  i n  z i r i ~ c t i m  ~ q -  f r c ~  the s l d ~ .  
a t  t h e  e a r t h  t h e  d ip  angle i s  13.6'; f o r  a 60-n. m i .  a l t i t u d e  a t  t h e  
moon t h e  d ip  angle i s  20.0'. 

FW 9 1nn-n. z:. d . t i t u d e  

Figures 5 through 9 i l l u s t r a t e  l i g h t i n g  condi t ions a t  t h e  primary 
p o i n t s  i n  t h e  mission f o r  t h e  f irst  and las t  poss ib l e  launch da tes  i n  
December 1968 and January 1969. The l i g h t i n g  geometry f o r  December 20, 
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21, and 27, and January 18 and 24 is  shown. 
t r a j e c t o r y  w i l l  use a December 21, 1968 launch da te  (refs. 1 and 2)  
t h i s  day w a s  a l s o  included. 
t h e  (a )  p a r t  i s  f o r  a 72' launch azimuth, and t h e  ( b )  p a r t  i s  f o r  a 108' 
launch azimuth. By l imi t ing  t h e  da i ly  launch i n  t h i s  manner, t h e  varia- 
t i ons  of t h e  intermediate  launch azimuths can be approximated. This 
same concept w a s  appl ied t o  t h e  monthly launch yindow by showing only 
t h e  f irst  and last days. Again, f igures  5 through 9 are approximate 
pro jec t ions  i n t o  t h e  equator ia l .p lanes  of  t h e  e a r t h  o r  moon as previously 
stat e d. 

Since t h e  opera t iona l  

Each f igu re  has two p a r t s ,  ( a )  and ( b ) ;  

Figure 5(a> i s  t y p i c a l  of f igures  5 through 9 .  I n  f igure  5(a) t h e  
lower left-hand diagram shows the  sun terminator  on t h e  sur face  of  t h e  
ea r th  at time o f  EO1 and TLI .  While it i s  t r u e  t h a t  t he re  i s  approxi- 
mately 2 t o  4 hours from EO1 t o  TLI  t h e  s h i f t  i n  t h e  sun terminator  i s  
too  s l i g h t  t o  be shown s ince  the  terminator  moves i n e r t i a l l y  approxi- 
mately 1' every 24 hours. The pro jec t ion  of t h e  spaoecraf t  terminator  
i s  shown as determined by t h e  dip angle (13.6') f o r  a 100-n. m i .  
a l t i t u d e .  
EO1 and T L I ,  t h e  r e l a t i v e  pos i t i on  of Aries, and t h e  EO1 and TLI burn 
arcs  (appr0xirnateJ.y 25' and 23' , r e spec t ive ly ) .  
above t h e  surface i s  not t o  sca l e  s ince  t h e  r a t i o  of t he  a l t i t u d e  of  t h e  
spacecraf t  t o  t h e  rad ius  i s  extremely s m a l l .  
i s  not t h e  actual  earth-moon l i n e  a t  t i m e  of T L I  i g n i t i o n ,  bu t  r a t h e r  
t h e  earth-moon l i n e  a t  t h e  time of a r r i v a l  of t h e  spacecraf t  at 
pe ri cynt h i  on. 

Also shown are  t h e  pos i t ions  of t h e  Greenwich meridian at 

The height  of  t h e  a r c  

The earth-moon l i n e  shown 

The upper left-hand diagram of figure 5(a) shows t h e  sun te rmina tor  
at LO1 on the sur face  of t h e  moon and t h e  spacecraf t  terminator  which 
d i f f e r s  frp t h e  sur face  terminator  by t h e  dip angle of 20' f o r  a 
60-n. m i .  a l t i t u d e .  
f o r  TEI,  and t h e  lower right-hand diagram shows e a r t h  touchdown. 
t h e  burn arcs a re  shown t o  approximate s c a l e  wh i l e  t h e  a l t i t u d e  above 
t h e  e a r t h  and moon are not .  The r e l a t i v e  s i z e  of t h e  e a r t h  and moon as 
w e l l  as t h e  earth-moon dis tance have been disregarded f o r  t h e  Sake Of 
c l a r i t y .  The earth-moon l i n e  connecting t h e  centers  of each body shows 
t h e i r  r e l a t i v e  pos i t ion .  Again, t h e  second earth-moon l i n e  i s  not t h e  
ac tua l  earth-moon l i n e  at T E I  i g n i t i o n ,  bu t  r a t h e r  t h e  l i n e  at time of  
ea r th  touchdown. 

The upper right-hand diagram i s  , s i m i l a r ,  only it i s  
Again, 

Each diagram gives a t y p i c a l  o r  average t i m e  requi red  f o r  each burn ,  
t h e  AV involved, and t h e  length of t h e  burn a rc .  

From figures 5 through 9 it can be seen t h a t  t h e  T L I  burn always 
i g n i t e s  very near  t h e  antipode of t h e  moon. Since t h e  sun e leva t ion  of 
t h e  primary t a r g e t  s i t e  i s  a l w a y s  s m a l l  t h i s  means t h a t  t h e  far-eastern 
lunar  t a r g e t  s i t e s  w i l l  general ly  correspond t o  a TLI  burn i n  darkness. 

t 

. 
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For a l l  days on which a western si te i s  primary o r  on an eastern s i t e  
up t o  approximately 13.6', t h e  TLI burn w i l l  be  i n  sun l igh t .  A t  TLI 
t h e  spacecraf t  a l t i t u d e  increases  from 100 t o  about 170 n.  m i .  which 
corresponds t o  an increase  i n  t h e  dip angle from 13.6' t o  17.6~. . 

CONCLUDING REMARKS 

The a c t u a l  t i m e  spent  by a spacecraf t  i n  t h e  shadow o f  t h e  e a r t h  
or moon i s  d i f f i c u l t  t o  def ine prec ise ly  for a mission such as C ' .  
There are 1 5  poss ib le  d i f f e r e n t  launch days with an i n f i n i t e  number of  
launch azimuths between t h e  da i ly  l i m i t  of  72' through 108O, each wi th  i t s  
own unique geometry. This document presents  reasonable approximations 
of  t h e  l i g h t i n g  conditions at t h e  primary phases of t h e  C '  mis-sion. 
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BO = RADIUS OF BODY (EARTH OR MOON) 

A 0  = RADIUS O F  BODY + SPACECRAFT A L T I T U D E  

ANGLE AOB = ANGLE BAC = D I P  A N G L E  

Figure 4.- Dip angle. 
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